Abstract The present study investigates the possible mediatory role of exogenously applied glycinebetaine (betaine) and proline on reactive oxygen species (ROS) and methylglyoxal (MG) detoxification systems in mung bean seedlings subjected to cadmium (Cd) stress
Introduction
Understanding the biochemical detoxification strategies that plants adopt against oxidative stress induced by accumulated metal ions is a key to manipulating metal tolerance in plants. Cadmium (Cd) is one of the most toxic metals for plants, due to its high solubility in water and phytotoxicity (Clemens 2006) . The presence of an excessive amount of Cd in soil and water causes a range of morphological, biochemical and physiological responses leading to stunted growth and even plant death. Cd toxicity decreases stomatal density and conductance to CO 2 thus reducing leaf photosynthesis and interferes with uptake and distribution of nutrients and water (Popova et al. 2009) . At the cellular level, Cd interacts with biomolecules such as protein and nucleic acids, is known to affect the enzyme activities and causes alterations in membrane permeability (Smeets et al. 2008 ). In addition, Cd stress is known to disturb redox homeostasis in plant cells and induce a burst of reactive oxygen species (ROS) (Hsu and Kao 2007a, b; Popova et al. 2009; Nouairi et al. 2009; Islam et al. 2010) . ROS are necessary for inter-and intracellular signalling but at high concentrations they seriously disrupt normal metabolism leading to irreparable metabolic dysfunction and death (Gechev et al. 2006) . Plants have evolved enzymatic and non-enzymatic antioxidants to cope with ROS. These antioxidants include the enzymes superoxide dismutase (SOD), catalase (CAT), glutathione peroxidase (GPX), glutathione S-transferases (GST), ascorbate peroxidase (APX), dehydroascorbate reductase (DHAR), glutathione reductase (GR), and monodehydroascorbate reductase (MDHAR), water-soluble compounds such as ascorbate (AsA), glutathione (GSH) and flavonoids, and lipid-soluble compounds such as the carotenoids and tocopherols. The AsA-GSH cycle involves APX, DHAR, GR, MDHAR, reduced ascorbic acid (AsA), reduced glutathione (GSH) and NADPH in a series of cyclic reactions to detoxify H 2 O 2 and also to regenerate AsA and GSH. Apart from its function directly to detoxify ROS and thereby to combat the potentially harmful effects of environmental stresses, the AsA-GSH cycle is also involved in redox sensing and signalling. Under stress conditions these redox signals could interfere with signalling networks complementary to the antioxidant system and regulate defence gene expression, thus coordinating the necessary readjustments in the redox-regulated plant defence to overcome the oxidative stress (Mittler et al. 2004; Kuzniak and Sklodowska 2005) . Additionally, CAT eliminates H 2 O 2 by breaking it down to H 2 O and O 2 and does not require any reducing equivalent (Mallick and Mohn 2000) . GPX is considered to be an important ROS scavenger because of its broader substrate specifications and stronger affinity for H 2 O 2 than those of catalase (Brigelius-Flohe and Flohe 2003) . Importantly, GST catalyzes the detoxification of lipid peroxides and xenobiotics by conjugating them with GSH (Noctor et al. 2002) and helps them in sequestration into vacuole of a plant cell. These enzymes play a regulatory role in heavy metal-induced oxidative stress.
Recent studies in plants have demonstrated that methylglyoxal (MG) is produced in excessive amounts in response to various stresses including heavy metals (Yadav et al. 2005a, b; Singla-Pareek et al. 2006; ). In addition to ROS, MG is also highly toxic to plant cells and by reacting with proteins, lipids, carbohydrates and DNA, they can lead to cell death in the absence of any protective mechanism. In plants, MG is detoxified mainly via the glyoxalase system that is comprised of two enzymes: glyoxalase I (Gly I) and glyoxalase II (Gly II). Gly I converts MG to S-D-lactoylglutathione (SLG) by utilizing GSH, while Gly II converts SLG to D-lactic acid, and during this reaction GSH is regenerated. The presence and characterization of both Gly I and II has been reported in many plants and the genes encoding these enzymes have been cloned and found to be regulated under various environmental conditions (Yadav et al. 2005a, b; Veena et al. 1999; Singla-Pareek et al. 2006 Fujita 2009, 2010) . Overexpression of the glyoxalase pathway in transgenic tobacco and rice plants has been found to prevent an increase of ROS and MG under stress conditions by maintaining glutathione homeostasis and antioxidant enzyme levels (Yadav et al. 2005b; Singla-Pareek et al. 2006 .
One of the most important physiologic strategies employed by higher plants under stress conditions is the accumulation of compatible solutes such as proline and betaine. Heavy metal stress up-regulates the enzymes in proline and betaine biosynthesis which confers an increase in stress tolerance (Bassi and Sharma, 1993a, b; Costa and Morel 1994; Mehta and Gaur 1999; Shao et al. 2008; Dinakar et al. 2009 ). The natural accumulation of proline/ betaine, however, is not high enough to protect plants from stress-induced damage (Subbarao et al. 2001; Okuma et al. 2002; Tamura et al. 2003; Tamas et al. 2008) . Under such condition their exogenous application may help to reduce the adverse effects of various environmental stresses including Cd stress (Yang and Lu 2005; Kumar and Yadav 2009; Huang et al. 2009; Islam et al. 2010; Hossain and Fujita 2010) . In addition to their roles as osmoprotectants, proline and betaine contribute to the protection of membranes, proteins and enzymes from the damaging effect of various stresses (Ashraf and Foolad 2007; Hossain and Fujita 2010) . Furthermore, betaine and proline provide protection against oxidative stress by maintaining redox homeostasis Hossain and Fujita 2010) . Recently, it has been reported that betaine and proline alleviates Cd toxicity by detoxifying ROS and increasing antioxidant activity and GSH content in Solanum and tobacco BY-2 cells (Xu et al. 2009; Islam et al. 2010 ). To our knowledge, currently there is no information available on the possible beneficial effects of exogenous application of betaine and proline on MG detoxification system in plants grown under Cd stress. Although our previous study showed that both betaine and proline improve salinity tolerance in mung bean seedlings by enhancing antioxidant and MG detoxification systems (Hossain and Fujita 2010) . In this study, we investigated the possible beneficial effects of exogenous proline and betaine on lipid peroxidation, intracellular ROS accumulation, and components of antioxidant defense and MG detoxification systems in mung bean seedlings subjected to Cd stress. In addition, we compared these results from Cd-stressed seedlings with our previous results from salinity stress (Hossain and Fujita 2010) .
Materials and methods

Plant materials and stress treatments
Mung bean (Vigna radiata cv. Binamoog-1) seeds of uniform size were selected and surface-sterilized with 70% ethanol followed by washing several times with distilled water. The seeds were then soaked with distilled water for 20 min and sown in Petri plates (9 cm) lined with 4 layers of filter paper moistened with 15 ml of distilled water for germination under controlled conditions (light, 100 μmol photon m −2 s −1 ; temp, 25±2°C; RH, 65-70%) for 3 days. Germinated seedlings were then grown in Perti plates that contained 1000-fold diluted Hyponex solution (Type: 5-10-5, Hyponex, Japan). Six-day-old mung bean seedlings of approximately equal sizes were employed to experimentation. For Cd stress, seedlings were treated with Hyponex solution that contained 1 mM CdCl 2 in Petri plates lined with 4 layers of filter paper under the above conditions for 48 h. For Cd treatment in the presence of proline or betaine, seedlings were treated with 5 mM proline or 5 mM betaine with the above levels of CdCl 2 in Hyponex solution for 48 h. Control plants were grown in Hyponex solution only. In case of heavy metals, due to high binding capacity of filter paper to cations (Haluskova et al. 2009; Tamás et al. 2008; Kuriakose and Prasad 2008) , application of 1 mM CdCl 2 concentration was required to obtain meaningful differences among the metabolites and the enzymatic activities within short period of time (48 h). Since the primary objectives of this investigation was to study the response of seedlings to Cd toxicity as well as biochemical mechanisms of proline-and betaine-induced Cd stress tolerance, these high concentrations were used throughout the experiment.
Extraction and analysis of ascorbate and glutathione Mung bean leaves (0.5 g fresh weight) were homogenized in 1.5 ml ice-cold acidic extraction buffer (6% metaphosphoric acid containing 1 mM EDTA) using a mortar and pestle. Homogenates were centrifuged at 11,500× g for 15 min at 4°C and the supernatant was collected for analysis of ascorbate and glutathione. Ascorbate content was determined following the method of Huang et al. (2005) with some modifications. The supernatant was neutralized with 0.5 M K-phosphate buffer (pH 7.0). The reduced ascorbate was assayed spectrophotometrically at 265 nm in 100 mM K-phosphate buffer (pH 5.6) with 0.5 unit of ascorbate oxidase (AO). A specific standard curve with AsA was used for quantification. The glutathione pool was assayed according to previously described methods (Yu et al. 2003) with modifications (Paradiso et al. 2008 ) utilizing 0.4 ml of aliquots of supernatant neutralized with 0.6 ml of 0.5 M K-phosphate buffer (pH 7.5). Based on enzymatic recycling, glutathione is oxidized by 5,5′-dithio-bis (2-nitrobenzoic acid) (DTNB) and reduced by NADPH in the presence of GR, and glutathione content is evaluated by the rate of absorption changes at 412 nm of 2-nitro-5-thiobenzoic acid (NTB) generated from the reduction of DTNB. GSSG was determined after removal of GSH by 2-vinylpyridine derivatization. Standard curves were generated with reduced and oxidized glutathione.
Enzyme extraction and assays
Using a pre-cooled mortar and pestle, 0.5 g of leaf tissue was homogenized in 1 ml of 50 mM ice-cold K-phosphate buffer (pH 7.0) containing 100 mM KCl, 1 mM ascorbate, 5 mM β-mercaptoethanol and 10% (w/v) glycerol. The homogenates were centrifuged at 11,500× g for 10 min and the supernatants were used for determination of enzyme activity. All procedures were performed at 0-4°C. APX (EC: 1.11.1.11) activity was assayed following the method of Nakano and Asada (1981) . The reaction buffer solution contained 50 mM K-phosphate buffer (pH 7.0), 0.5 mM AsA, 0.1 mM H 2 O 2 , 0.1 mM EDTA, and enzyme extract in a final volume of 0.7 ml. The reaction was started by the addition of H 2 O 2 and the activity was measured by observing the decrease in absorbance at 290 nm for 1 min using an extinction co-efficient of 2.8 mM
MDHAR (EC: 1.6.5.4) activity was determined by the method of Hossain et al. (1984) . The reaction mixture contained 50 mM Tris-HCl buffer (pH 7.5), 0.2 mM NADPH, 2.5 mM AsA, 0.5 unit of AO and enzyme solution in a final volume of 0.7 ml. The reaction was started by the addition of AO. The activity was calculated from the change in ascorbate at 340 nm for 1 min using an extinction co-efficient of 6.2 mM −1 cm −1 . DHAR (EC: 1.8.5.1) activity was determined by the procedure of Nakano and Asada (1981) . The reaction buffer contained 50 mM K-phosphate buffer (pH 7.0), 2.5 mM GSH, and 0.1 mM DHA. The reaction was started by adding the sample solution to the reaction buffer solution. The activity was calculated from the change in absorbance at 265 nm for 1 min using extinction co-efficient of 14 mM
GR (EC: 1.6.4.2) activity was measured by the method of Cakmak et al. (1993) . The reaction mixture contained 0.1 M K-phosphate buffer (pH 7.8), 1 mM EDTA, 1 mM GSSG, 0.2 mM NADPH, and enzyme solution in a final volume of 1 ml. The reaction was initiated with GSSG and the decrease in absorbance at 340 nm due to NADPH oxidation was recorded for 1 min. The activity was calculated using an extinction co-efficient of 6.2 mM
. GPX (EC: 1.11.1.9) activity was measured as described by Elia et al. (2003) using H 2 O 2 as a substrate. The reaction mixture consisted of 100 mM Na-phosphate buffer (pH 7.5), 1 mM EDTA, 1 mM NaN 3 , 0.12 mM NADPH, 2 mM GSH, 1 unit GR, 0.6 mM H 2 O 2 and 20 μl of sample solution. The reaction was started by the addition of H 2 O 2 . The oxidation of NADPH was recorded at 340 nm for 1 min and the activity was calculated using the extinction co-efficient of 6.62 mM
GST (EC: 2.5.1.18) activity was determined spectrophotometrically by the method Booth et al. (1961) with some modifications ). The reaction mixture contained 100 mM Tris-HCl buffer (pH 6.5), 1.5 mM GSH, 1 mM 1-chloro-2,4-dinitrobenzene (CDNB), and enzyme solution in a final volume of 0.7 ml. The enzyme reaction was initiated by the addition of CDNB and the increase in absorbance was measured at 340 nm for 1 min. The activity was calculated using the extinction co-efficient of 9.6 mM −1 cm −1 .
CAT (EC: 1.11.1.6) activity was measured according to the method of by monitoring the decrease of absorbance at 240 nm for 1 min caused by the decomposition of H 2 O 2 . The reaction mixture contained 50 mM K-phosphate buffer (pH 7.0), 15 mM H 2 O 2 and enzyme solution in a final volume of 0.7 ml. The reaction was initiated with enzyme extract and the activity was calculated using the extinction co-efficient of 39.4 M −1 cm −1
. Glyoxalase I (EC: 4.4.1.5) assay was carried out according to the method of . Briefly, the assay mixture contained 100 mM K-phosphate buffer (pH 7.0), 15 mM magnesium sulphate, 1.7 mM reduced glutathione and 3.5 mM methylglyoxal in a final volume of 0.7 ml. The reaction was started by the addition of MG and the increase in absorbance was recorded at 240 nm for 1 min. The activity was calculated using the extinction coefficient of 3.37 mM
Glyoxalase II (EC: 3.1.2.6) activity was determined according to the method of Principato et al. (1987) by monitoring the formation of GSH at 412 nm for 1 min. The reaction mixture contained 100 mM Tris-HCl buffer (pH 7.2), 0.2 mM DTNB and 1 mM S-D-lactoylglutathione (SLG) in a final volume of 1 ml. The reaction was started by the addition of SLG and the activity was calculated using the extinction co-efficient of 13.6 mM −1 cm −1 .
Lipid peroxidation
The level of lipid peroxidation was measured in leaf tissue by estimating MDA, a decomposition product of the peroxidized polyunsaturated fatty acid component of the membrane lipid, using thiobarbituric acid (TBA) as the reactive material following the method of Heath and Packer (1968) with slight modifications (Hossain and Fujita 2010) . The concentration of MDA was calculated by using the extinction co-efficient of 155 mM −1 cm −1 and expressed as nmol of MDA g −1 fresh weight.
Measurement of H 2 O 2 H 2 O 2 was assayed according to the method described by Yu et al. (2003) . H 2 O 2 was extracted by homogenizing 0.5 g of leaf tissue with 3 ml of 50 mM K-phosphate buffer pH (6.5) at 4°C. The homogenate was centrifuged at 11,500× g for 15 min. A 3-ml sample of supernatant was mixed with 1 ml of 0.1% TiCl 4 in 20% H 2 SO 4 (v/v), and the mixture was then centrifuged at 11,500x g for 15 min at room temperature. The optical absorption of the supernatant was measured spectrophotometrically at 410 nm to determine the H 2 O 2 content (Є=0.28 μM −1 cm −1 ) and expressed as μmol g −1 fresh weight.
Determination of protein
The protein concentration of each sample was determined by the method of Bradford (1976) using BSA as a protein standard.
Statistical analysis
All data obtained were subjected to one-way analysis of variance (ANOVA) and the mean differences were com-pared by a least significant difference (LSD) test using MSTAT-C. Differences at P<0.05 were considered as significant.
Results
Cellular ascorbate and glutathione contents
A significant decrease (19%) in AsA content was observed due to Cd stress as compared to the control (Fig. 1) . Proline-and betaine-supplemented Cd-stressed seedlings showed 5 and 2% decrease in AsA content as compared to control. However, proline-and betainesupplemented Cd-stressed seedlings showed 17 and 21% higher in AsA content as compared to the seedlings treated with Cd alone. Cd stress caused a significant increase in GSH content (113%) as compared to the control (Fig. 2a) . Proline-and betaine-supplemented Cd-stressed seedlings showed 144 and 145% increase in GSH content as compared to control and its level was significantly higher than the seedlings treated with Cd alone.
A profound increase in GSSG content (96%) was observed in response to Cd stress (Fig. 2b) . Proline-and betaine-supplemented Cd-stressed seedlings showed 38 and 5% increase in GSSG content as compared to control but the level was significantly lower than the seedlings treated with Cd only. Proline-and betaine-supplemented Cdstressed seedlings showed 79 and 136% increase in GSSH/GSSG ratio as compared to the control (Fig. 2c ). Seedlings treated with betaine showed significantly higher GSH/GSSG ratio than those treated with proline.
Antioxidant enzymes APX activity increased in response to Cd stress (Fig. 3a) . Proline-and betaine-supplemented Cd-stressed seedlings MDHAR activity decreased significantly (24%) in response to Cd stress as compared to the control (Fig. 3b) . Proline-supplemented Cd-stressed seedlings maintained similar level of activity as compared to the control but betainesupplemented Cd-stressed seedlings showed significant increase in MDHAR activity (23%) as compared to the control. Proline-and betaine-supplemented Cd-stressed seedlings showed 27 and 54% higher in MDHAR activity as compared to the seedlings treated with Cd alone. Seedlings treated with betaine had higher activity than those treated with proline.
A significant decrease in DHAR activity was observed in response to Cd stress as compared to the control (Fig. 3c) . Proline-and betaine-supplemented Cd-stressed seedlings showed significantly higher DHAR activity as compared to the seedlings treated with Cd alone.
GR activity decreased significantly (20%) under Cd stress in comparison with the control (Fig. 3d) . Proline-and betaine-supplemented Cd-stressed seedlings showed (16 and 36%) increased in GR activity in comparison with the control. Both proline-and betaine-supplemented Cd-stressed seedlings showed significantly higher GR activity in comparison with the seedlings treated with Cd alone.
GPX activity was increased by 26% as compared to the control in response to Cd stress (Fig. 3e) . Proline-and betaine-supplemented Cd-stressed seedlings showed 38 and 36% increase in GPX activity as compared to the control. However, GPX activity did not vary significantly irrespective of the presence or absence of proline or betaine.
GST activity was increased significantly (46%) in response to Cd stress (Fig. 3f) as compared to the control. Proline-and betaine-supplemented Cd-stressed seedlings showed 90 and 101% increase in GST activity as compared to the control. However, proline-and betaine-supplemented Cd-stressed seedlings showed significantly higher (30 and 39% by proline and betaine, respectively) GST activity as compared to the seedlings treated with Cd alone.
A significant decrease in CAT activity (55%) was observed in comparison with the control (Fig. 3g ) in response to Cd stress. Proline-and betaine-supplemented Cd-stressed seedlings also showed significant decrease (47 and 38% by proline and betaine, respectively) in CAT activity as compared to control. Betaine-supplemented Cdtreated seedlings showed significantly higher (37%) in CAT activity as compared to the seedlings treated with Cd alone.
Glyoxalase pathway enzymes
A slight increase in Gly I activity was observed in response to Cd stress (Fig. 4a) . Proline-and betaine-supplemented Cdstressed seedlings showed 24 and 29% increased in Gly I activity as compared to the control. However, both proline and betaine treated seedlings showed significantly higher Gly I activity as compared to seedlings treated with Cd alone.
Gly II activity decreased in response to Cd stress (Fig. 4b) . Proline-and betaine-supplemented Cd treated seedlings showed 63 and 25% increase in Gly II activity as compared to the control. Proline-and betaine-treated seedlings showed significantly higher Gly II activity as compared to the seedlings treated with Cd alone; however, proline-treated seedlings had higher Gly I activity than those treated with betaine. Fig. 3 Activities of APX (a), MDHAR (b), DHAR (c), GR (d), GPX (e), GST (f) and CAT (g) in mung bean seedlings induced by proline and betaine under cadmium stress conditions. Cd, Cd+P and Cd+B indicates 1 mM CdCl 2 , 1 mM CdCl 2 +5 mM proline and 1 mM CdCl 2 +5 mM betaine treatments, respectively. Each value is the mean±SE from four independent experiments. Bars with different letters are significantly different at P<0.05. Cd stress resulted in a significant increase (130%) in H 2 O 2 content as compared to the control (Fig. 5a ). Proline-and betaine-supplemented Cd-stressed seedlings also showed a significant increase in H 2 O 2 content (92 and 98% by proline and betaine, respectively) as compared to control; however, the levels were significantly lower than the seedlings treated with Cd alone. Lipid peroxidation levels in leaf tissues, measured as the content of MDA, is represented in Fig. 5b . A significant increase in lipid peroxidation (103%) was observed due to Cd stress. Proline-and betaine-supplemented Cdstressed seedlings showed 48 and 43% increase in MDA content as compared to the control; however, the MDA levels were significantly lower (29 and 30% by proline and betaine, respectively) than the seedlings treated with Cd alone.
Discussion
Plants, like all other organisms, have evolved a complex network of homeostatic mechanisms to minimize the damages from exposure to non-essential metal ions like Cd. Although the mechanism by which metals cause plant injury is not clearly understood, there is increasing evidence that, at least in part, metal toxicity is due to oxidative damage (Chao and Seo 2005; Hsu and Kao 2007a; Hu et al. 2009 ). One strategy for improving tolerance to Cd is altered cellular metabolism leading to accumulation of particular solutes that include nitrogen-containing compounds, such as proline and other amino acids, polyamines and quaternary ammonium compounds like betaine that stabilize proteins or stress proteins that protect plants to reduce the content of undesired heavy metals (Chen and Murata 2002) . Proline and betaine accumulation in plants under metal stress has been widely reported (Sun et al. 2007; Costa and Morel 1994; Tamas et al. 2008) . However, the mechanisms by which proline and betaine protect plant cells under heavy metal stress have remained unsolved. Recent studies in plants have demonstrated that exogenous application of betaine or proline at high concentration (1-20 mM) enhance tolerance to abiotic oxidative stress (Park et al. 2006; Hoque et al. 2007; Huang et al. 2009; Islam et al. 2010; Hossain and Fujita 2010) . Extensive research findings support the idea that coordinated induction and regulation of the antioxidant and glyoxalase pathway enzymes are necessary to obtain substantial tolerance against oxidative stress. In this study, we investigated the possible regulatory role of exogenous proline and betaine in AsA and GSH content and the activities of AsA-GSH cycle and glyoxalase system enzymes including GST, GPX and CAT. It is hypothesized that the increased antioxidant protection through AsA-GSH cycle and glyoxalase pathway enzymes offered by proline and betaine might contribute to better protection against Cd-induced oxidative damages.
AsA is the most abundant antioxidant and serves as a major contributor to the cellular redox state and protects plants against oxidative damage resulting from a range of biotic and abiotic stresses (Smirnoff 2000) . It is the substrate of cAPX and the corresponding organellar isoforms, which are critical components of the AsA-GSH cycle for H 2 O 2 detoxification (Nakano and Asada 1981; Dalton et al. 1986 2007; Chao et al. 2010) . But, pretreatment with AsA or L-galactono-γ-lactone (GL), a precursor of AsA, caused a reduction in Cd toxicity by enhancing the activities of antioxidant enzymes and by increasing gene expression (Zhao et al. 2005; Paradiso et al. 2008; Chao et al. 2010) . The biosynthetic capacity of AsA is impaired under severe stress conditions because the AsA pool is generally determined by its rates of not only regeneration but also synthesis (Song et al. 2005) . It has been reported that regeneration of AsA under Cd stress is insufficient or that AsA synthesis is lower than AsA catabolism (Schützendübel et al. 2001 (Schützendübel et al. , 2002 Chao et al. 2010) . Importantly, both proline and betaine-supplemented seedlings maintained significantly higher AsA content as compared to the seedling treated Cd alone. Therefore, both proline and betaine might play important roles in AsA regeneration through efficient functioning of MDHAR and DHAR (Yang et al. 2007) . APX is a key enzyme in the AsA-GSH cycle and plays a vital role in plant defense against oxidative stress by catalyzing the conversion of H 2 O 2 to water. In our experiments, upon imposition of Cd stress, APX activity increased (Fig. 3a) , which supports previous studies (Chao et al. 2010; Romero-Puertas et al. 2007; Hsu and Kao 2007b; Smeets et al. 2008 ). However, proline-and betainesupplemented Cd-stressed seedlings showed a sharp increase in APX activity as compared to control as well as Cd-treated seedlings. Similar effects of proline and betaine on APX activity were also observed in plants in response to various stresses (Ma et al. 2006; Demiral and Türkan 2004) . These results suggest that both exogenous proline and betaine could contribute in detoxification of H 2 O 2 by enhancing APX activity under Cd stress.
The univalent oxidation of AsA leads to the formation of MDHA, which is converted to AsA by the action of NADPH-dependent MDHAR activity or disproportionates nonenzymatically to AsA and dehydroascorbate (DHA). DHA undergoes irreversible hydrolysis to 2, 3-diketogulonic acid or is recycled to AsA by DHAR, thereby capturing AsA before it lost. Recent studies showed that both MDHAR and DHAR are equally important in regulating AsA levels and its redox state under oxidative stress condition (Eltayeb et al. 2006 (Eltayeb et al. , 2007 Wang et al. 2010; Shalata et al. 2001) . Results obtained in this study showed that both MDHAR and DHAR decreased along with a decreased level of AsA (Figs. 1 and 3b, c) . These results indicate insufficient regeneration of AsA from MDHA and DHA under Cd stress conditions. However, both proline-and betainesupplemented Cd-stressed seedlings mitigated the reduction of MDHAR and DHAR activity under Cd stress since proline and betaine can work as an enzyme protectant under stress (see Introduction). It is important to note that proline maintained higher AsA level by maintaining higher DHAR activity whereas betaine maintained higher AsA level through enhancement of MDHAR activity indicating that both proline and betaine must have a role in AsA recycling under Cd stress. A high AsA level found in the present study also supports this.
GSH is the most abundant non-protein, sulfydrylcontaining molecule, and plays a vital role in the defense system of plants including redox regulation, conjugation of metabolites, detoxification of xenobiotics and homeostasis and cellular signalling that triggers adaptive responses (Foyer and Noctor 2005; Noctor et al. 2002; Hossain and Fujita 2010) . Several authors have shown that an elevated GSH content is correlated with ability of plants to withstand Cdinduced oxidative stress (Chen and Kao 1995; Zhu et al. 1999; Reisinger et al. 2008) . GSH takes part in the control of H 2 O 2 levels and regeneration of AsA through the AsA-GSH cycle (Foyer and Noctor 2005) . It can also function directly as a free radical scavenger by reacting with
, and
• OH (Larson 1988) . GSH protects proteins against denaturation caused by the oxidation of protein thiol groups under stress. GSH is a substrate for GPX and GST and co-factor of Gly I, which are also involved in the removal of ROS, MG and endogenous toxic compounds. It is also involved in the transfer and storage of sulfur and in the detoxification of heavy metals where phytochelatin (PC) derived from GSH forms heavy metal complexes. Along with its oxidized form (GSSG), it acts as a redox couple important for maintaining the cellular homeostasis, playing a key role in diverse signaling systems in plants (Noctor 2006) . Furthermore, GSH plays a protective role in salt tolerance by maintaining the redox state (Shalata et al. 2001) . The increased level of the GSH pool is generally regarded as a protective response against oxidative stress (May and Leaver 1993; Xiang and Oliver 1998) , although defense against stress situations sometimes occurs irrespective of the GSH concentration (Potters et al. 2004) . In this study, Cd stress caused a significant increase in GSH content (Fig. 2a) . Increase in GSH content in response to Cd stress were also reported in rice seedlings (Hu et al. 2009; Xu et al. 2009 ) and GSH metabolic genes coordinately respond to heavy metal stress (Xiang and Oliver 1998) . The increase in GSSG content under Cd stress in the seedlings may partly be attributed to a decreased rate of GSH recycling or an increased rate of its degradation under the conditions of stress Hossain and Fujita 2010) . Conversion of DHA to AsA requires extensive utilization of GSH (De Gara et al. 2000) . The decreased levels of GSH in Cd-stressed seedlings may be attributed to an increase in DHAR activity which utilizes GSH as an electron donor in the reduction of DHA. However, in our experiment at severe Cd stress significant increases in GSSG content was observed although DHAR activity was decreased significantly (Figs. 2b and 3c) . The formation of GSSG in Cd treated seedlings might be due to the reaction of GSH with oxyradicals generated due to oxidative stress or due to enhancement of GPX and GST activity that decompose H 2 O 2 and organic hydroperoxide or decrease GR activity (Shalata et al. 2001; Aravind and Prasad 2005; Hossain and Fujita 2010) (Fig. 3d, e, f) . However, both proline-and betaine-supplemented Cdstressed seedlings maintained a higher GSH and GSH/GSSG ratio as compared to the control and Cd-stressed seedlings (Fig. 2a, c ). An increase in GSH content due to proline pretreatment and lower lipid peroxidation has recently been reported (Xu et al. 2009 ). Transgenic plants for higher proline and betaine biosynthesis also showed higher GSH, GSH/GSSG ratio and lower GSSG content as compared to wild-type under Cd medium and other stress conditions (Siripornadulsil et al. 2002; Yang et al. 2007 ). Therefore, both proline and betaine might play a significant role in maintaining higher GSH level either through efficient recycling or by modulating higher GSH synthesis (Kocsy et al. 2005; Hossain and Fujita 2010) .
Biochemical and molecular studies have shown that GR plays an essential role in cell defense against reactive oxygen metabolites by sustaining the reduced status of glutathione and ascorbate pools which in turn maintain cellular redox state under stress (Ansel et al. 2006; RomeroPuertas et al. 2006) . It has been observed that stress-tolerant plants tend to have high activities of GR (Sekmen et al. 2007; Aghaei et al. 2009 ). Additionally, overexpression of GR increases antioxidant activity and improves tolerance to oxidative stress Potters et al. 2004) . In contrast, decreased GR activity results in increased stress sensitivity . Results obtained in this investigation reveal that Cd stress significantly decreased GR activity (Fig. 3d) . Decrease in GR activity due to Cd stress has been previously reported (Smeets et al. 2008; Gratao et al. 2008; Nouairi et al. 2009 ). Exogenous application of proline or betaine kept this activity significantly higher under Cd stress which is accompanied by lower GSSG content, indicates proline and betaine play significant roles in efficient recycling of GSSG. Similar protective role of exogenous proline and betaine were also observed in our previous findings (Hossain and Fujita 2010) . Increased GR activity by proline and betaine under Cd stress conditions contributes to the maintenance of a higher GSH/GSSG ratio and increased GSH level which is used by DHAR and other GSH dependent enzymes involved in the antioxidant defense and glyoxalase systems (Hossain and Fujita 2010) .
CAT is a key antioxidant enzyme, present exclusively in peroxisomes, which decomposes H 2 O 2 . Our results indicated a sharp decline in CAT activity under Cd stress which suggests that this enzyme is unable to detoxify H 2 O 2 generated by Cd stress (Fig. 3g) . Decreases in CAT activity due to Cd stress were also reported in various plant species (Romero-Puertas et al. 2006; Hu et al. 2009; Islam et al. 2010) . But both proline-and betaine-supplemented Cdstressed seedlings also had decreased CAT activity indicating that both are unable to increase CAT activity under severe Cd stress condition. However, both of them maintained slightly higher CAT activity in comparison with seedlings treated with Cd alone. Our results are also supported by the results of Xu et al. (2009) and Islam et al. (2010) . Similar effects of proline and betaine on CAT activity were also observed in response to various stresses (Demiral and Türkan 2004; Khedr et al. 2003) .
GSTs constitute a family of multifunctional enzymes present in both plants and animals. These dimeric enzymes catalyze the conjugation of GSH to a variety of electrophilic, hydrophobic, and often toxic substrates, thereby reducing their toxicity. It has recently been discovered that GPXs are ubiquitously occurring enzymes in plant cells that use GSH to reduce H 2 O 2 and organic and lipid hydroperoxides. In this study, Cd stress lead to significant increases in GPX and GST activities compared to those of the control. The increase in GPX and GST activities even under severe Cd stress condition indicates that both GPX and GST enzymes may be more stable or more important for stress tolerance than other antioxidant enzymes (Fig. 3e  & f) . Increased GPX and GST activity due to Cd stress were also reported in tomato (Gratao et al. 2008) , in rice seedlings (Hu et al. 2009 ), in Arabidopsis (Semane et al. 2007; Smeets et al. 2008) , in barley root tips (Haluskova et al. 2009 ) and in Brassica napus (Nouairi et al. 2009 ). In the present investigation, the increases of GST and GPX were not high enough to protect cells from Cd-induced oxidative damage. However, the fact that exogenous proline and betaine increased GST and GPX activities and suppressed the production of H 2 O 2 and MDA level indicates that both of them are able to reduce Cd-induced oxidative damage by increasing GST and GPX activities. Similar protective roles of exogenous proline and betaine were also observed in our previous experiments with mung bean seedlings under salinity stress (Hossain and Fujita 2010) .
The accumulation of MG is indicative of abiotic stress conditions including heavy metals (Yadav et al. 2005a, b; Singla-Pareek et al. 2003; ). MG causes a dose-and time-dependent depletion of GSH and increased GSH oxidation or formation of GSSG. At a high concentration of MG, GSH may be trapped as S-2-hydroxyacylglutatione, resulting in GSH depletion (Kalapos et al. 1992) . Therefore, high amount of MG accumulation during stress could either act directly as a potent toxic agent affecting various plant processes or could deplete GSH. Higher Gly I and Gly II activities might protect plants against MG that is formed during abiotic stresses (Veena et al. 1999; Jain et al. 2002; Saxena et al. 2005; . Overexpression of Gly I and Gly II in transgenic plants inhibits an increase in MG level under Zn and salt stress condition and confers tolerance to heavy metal and high salt by increasing the GSH based detoxification system and decreasing lipid peroxidation (Veena et al. 1999; Singla-Pareek et al. 2003; Yadav et al. 2005a, b) . A proteomic study of salt-tolerant barley also showed higher Gly I protein expression under salinity stress conditions (Witzel et al. 2009 ). In the present study, we observed a slight increase in Gly I activity while the Gly II activity decreased (Fig. 4a & b ). An increase in Gly I activity in response to abiotic stresses including Cd and Zn, have also been reported in various plant species (Singla-Pareek et al. 2006; Fujita 2009, 2010) . A decrease in Gly II activity was also observed in our previous study with onion callus subjected to Cd stress . A decrease in Gly II activity might be due to inactivation or proteolytic degradation of enzymes. Therefore, a slight increase in Gly I activity and decrease of Gly II activity suggest that detoxification of MG via the glyoxalase system is not sufficient under severe Cd stress. However, both proline and betaine-treated seedlings could partially alleviate the stress-induced oxidative damage by maintaining higher Gly I and Gly II activities suggesting that both of them were able to enhance GSH regeneration and glutathione redox state via the glyoxalase system. The high GSH levels in turn facilitate phytochelatin synthesis and sequestration of heavy metal phytochelatin conjugates in the vacuole (Siripornadulsil et al. 2002) .
Cd is a non-redox-active metal but it does elevate lipid peroxidation, contributing to a process of oxidative damage (Gratao et al. 2008 ). Cd stress has been shown to cause an abrupt increase in the amount of MDA in leaves of different crops (Hsu and Kao 2007a, b; Wang et al. 2008; Hu et al. 2009; Nouairi et al. 2009; Chao et al. 2010) and in most of the cases the increase in H 2 O 2 content was correlated with a higher MDA level (Hsu and Kao 2007b; Hu et al. 2009; Islam et al. 2010; Wang et al. 2008) . Control of the levels of H 2 O 2 and MDA is thought to be a mechanism by which plants tolerate the stress (Hu et al. 2009; Hossain and Fujita 2010; Islam et al. 2010) . Our results demonstrated a marked increase in H 2 O 2 and MDA contents. The increase of H 2 O 2 was correlated with the lipid peroxidation ( Fig. 5a & b) . A sharp increase in the level of H 2 O 2 and lipid peroxidation in Cd-stressed seedlings resulted in increased oxidative damage probably due to impairment of the antioxidant defense and MG detoxification system. However, proline-and betaine-supplemented Cd-stressed seedlings maintained significantly lower H 2 O 2 and MDA levels as compared to the seedlings treated with Cd alone (Fig. 5a & b) , suggesting that both proline and betaine protect against Cd-dependent oxidative damage by enhancing antioxidant defense and MG detoxification systems (Demiral and Türkan 2004; Okuma et al. 2004; Park et al. 2006; Huang et al. 2009; Hossain and Fujita 2010) . Similar findings have been reported by other researchers demonstrating higher Cd tolerance by in vivo betaine or proline synthesis in plants (Siripornadulsil et al. 2002; Shao et al. 2008 ).
In conclusion, Cd stress induces a severe oxidative stress in mung bean seedlings where the antioxidant defense and glyoxalase systems seemingly fail to combat with the stress-induced oxidative damage. Exogenous applications of proline or betaine showed enhance tolerance to oxidative damage by enhancing ROS and MG detoxification systems. These findings together with our earlier findings (Hossain and Fujita 2010) suggest that both betaine and proline provide protective effects against Cd-induced oxidative stress by reducing H 2 O 2 and lipid peroxidation levels and by increasing the antioxidant defense and glyoxalase systems. The information available concerning plants subjected to Cd and different concentrations of proline and betaine should provide a better understanding of the mechanisms of detoxification, which may help integrate biochemical genetics with plant breeding to produce stresstolerant plants for detoxification or phytoremediation. However, further studies are required to elucidate the molecular mechanism and signalling pathways underlying the roles of proline and betaine in Cd tolerance of plants.
